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The Zn/Cd hyperaccumulating ecotype (HE) of Sedum alfredii Hance can accumulate 24- and 28-fold
higher leaf and stem Zn concentrations when compared with the non-hyperaccumulating ecotype
(NHE) of Sedum. Heterologous expression of a metal tolerance protein (MTP1) encoding gene from
HE plants (SaMTP1) or the homologous gene from NHE plants (SnMTP1) suppressed Zn2+ hypersen-
sitivity in the Dzrc1 yeast mutant. In plants, SaMTP1 localized to the tonoplast. Furthermore, MTP1
transcript level in the shoot of HE plants was more than 80-fold higher than that of NHE plants. The
transcript level of SaMTP1 in shoot was up-regulated 1-fold by Zn2+ while the expression of SnMTP1
was slightly inhibited. These data suggest that SaMTP1 can play an important role in Zn accumula-
tion in HE plants.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction study of the ZAT (zinc transporter of A. thaliana) cDNA [15]. MTP1During the past decade, physiological studies have revealed a
basic understanding of metal hyperaccumulation mechanisms,
including enhanced metal uptake from soil by root, increased
translocation from root to shoot and increased sequestration into
shoot vacuoles [1–3]. Molecular mechanisms analysis reveals that
several groups of metal transporters have been found to play roles
in heavy metal tolerance and accumulation. HMA4 genes from
Arabidopsis thaliana, Arabidopsis halleri and Thlaspi caerulescens
are responsible for Zn2+ and Cd2+ root-to-shoot translocation
[4–6]. AtHMA3, OsHMA3 and AtCAXs transporters have been sug-
gested to transport Cd2+ into vacuoles; the ABC-type transporters
have been found to mediate Cd2+ and As3+ tolerance by transport-
ing PC-Cd and PC-As into vacuoles; and the MTP1 gene has been
found to be responsible for Zn2+ or Ni+ sequestration into vacuoles
[7–12].
Metal tolerance protein (MTP1) is a member of cation diffusion
facilitator (CDF) family and all members of the CDF family possess
six putative transmembrane domains [13,14]. The ﬁrst research to
explore function ofMTP1 gene in zinc detoxiﬁcation in plants is thechemical Societies. Published by E
ronmental Remediation and
Resource Sciences, Zhejiang
86 571 86971907.transporters from different species of plants have been found to
localize to the tonoplast and sequestrate Zn2+ into vacuoles;
over-expression of MTP1 gene can enhance zinc tolerance
[12,16–19]. Recently, it has been found that there are ﬁve duplica-
tions of MTP1 gene in Zn/Cd hyperaccumulator A. halleri and this
could be a major basis of the zinc tolerance [20].
Hyperaccumulating ecotype (HE) of Sedum alfredii Hance is a
Zn/Cd hyperaccumulator found in China. Compared with the
non-hyperaccumulating ecotype (NHE) of S. alfredii Hance which
is sensitive to Zn2+ and Cd2+, the HE plants can accumulate Cd2+
in leaves up to a maximum of 9 g kg1 DW and also can accumu-
late Zn2+ in shoots up to 2% of dry weight [21–23]. The protoplasts
isolated from leaves of HE plants take up 1.5-fold more 65Zn as
compared to the NHE plants [21]. In this study, MTP1 gene from
HE plants (SaMTP1) and NHE plants (SnMTP1) were isolated using
RACE method, and then the function, subcellular localization and
expression level of two genes were analyzed.
2. Materials and methods
2.1. Cloning of SaMTP1 and SnMTP1 cDNAs and sequence analysis
The full length SaMTP1 and SnMTP1 cDNAs were isolated in two
steps. Degenerate oligonucleotide primers based on the highly con-
served regions of MTP1 cDNAs from A. thaliana and T. caerulescenslsevier B.V. All rights reserved.
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isolated using 30 RACE and 50 RACE method. Alignment ofMTP1 se-
quences was performed using ClustalW on Internet work (http://
www.clustalw.ddbj.nig.ac.jp/top-e.html).
2.2. Plasmids DNA construction
Gateway technology was used to construct yeast expression
vectors and GFP fusion vectors. For yeast expression vectors con-
struction, the ampliﬁed ORFs of SaMTP1 and SnMTP1 were sub-
cloned into pENTR/D-TOPO (Invitrogen, USA). The pENTR/D-TOPO
entry vector containing the SaMTP1 or SnMTP1 coding sequence
was designated pENTR-SaMTP1 or pENTR-SnMTP1. Subsequent
attL substrate and attR substrate (LR) recombination reactions
(Invitrogen) between the destination (pDR195) and entry vectors
(pENTR-SaMTP1 or pENTR-SnMTP1) generated yeast expression
clones containing pDR195/SaMTP1 or pDR195/SnMTP1.
To construct 35S-SaMTP1-eGFP and 35S-SnMTP1-eGFP vectors,
the ORFs of SaMTP1 and SnMTP1without stop codonwere ampliﬁed.
The LR reactions between the destination (pH7FWG2.0) and the
entry vectors generated vectors containing 35S-SaMTP1-eGFP or
35S-SnMTP1-eGFP. Yeast expression vector containing SaMTP1-
eGFP or SnMTP1-eGFP was also constructed. The reverse primer
based on GFP sequence was used to amplify the SaMTP1-eGFP and
SnMTP1-eGFP from 35S-SaMTP1-eGFP and 35S-SnMTP1-eGFP
vectors, respectively. The yeast expression vector containing SaM-
TP1-eGFP or SnMTP1-eGFP was generated after LR reactions.
2.3. Yeast strains and assays for metal tolerance
The Saccharomyces cerevisiae CM100 (MATa can1-100 his3-11, 15
leu2-3,112trp1-1 ura3-52) and the Dzrc1 mutant (Dzrc1::HIS3,
parental wild-type strain CM100) were used [24]. The wild type
yeast CM100 was grown in 1% yeast extract, 2% peptone and 2%
glucose (YPD) medium and the Dzrc1 mutant strain was cultured
in synthetic deﬁned medium (SD) supplemented with the appro-
priate amino acids at 30 C. Yeast transformation was carried out
using the Li-acetate transformation method [25]. In the zinc toler-
ance assay, Dzrc1 yeast transformants and WT yeast expressing
pDR195 were grown in liquid SD medium without uracil until
OD600 = 1. After serial dilutions were prepared, each dilution was
spotted onto solid SD selective medium (without uracil) with or
without 5 mM ZnSO4. For Cd2+ tolerance analysis, Dzrc1 yeast
transformants were spotted onto solid SD selective medium (with-
out uracil) supplied with 0, 10, 30 lM CdCl2. Plates were photo-
graphed after incubated at 30 C for 3 d.
2.4. Localization analysis of SaMTP1-eGFP and SnMTP1-eGFP in Dzrc1
yeast mutant and onion epidermal cells
To analyze the localization ofMTP1s in yeast cells, the yeast was
transformed as the method mentioned above and the vacuole
membrane was stained as described in [18]. To analyze the subcel-
lular localization, the vector containing 35S-eGFP, 35S-SaMTP1-
eGFP or 35S-SnMTP1-eGFP was coated with 1 lM gold particles
and introduced into onion epidermal cells using particle bombard-
ment (PDS-100/He particle delivery system, Bio-Rad). After 8 h,
ﬂuorescent cells were imaged. The green and red ﬂuorescence
were observed through a laser scanning confocal microscope
(LSM510; Karl Zeiss, Jena, Germany) excitated at 488 nm for GFP
and 543 nm for FM4-64.
2.5. Determination of intracellular Zn2+ content in yeast
Yeast transformants were grown in liquid SD selective medium
overnight. Cells were adjusted to OD600 = 0.2 in the presence of 0 or100 lM Zn2+. After incubation for 48 h, the cells were collected and
washed once with distilled water, once with 20 mM Na2EDTA and
once more with distilled water. Dry weight was determined after
dried at 85 C for 48 h. Cells were resuspended in concentrated
HNO3, incubated at 95 C for 2 h. The Zn2+ concentration was deter-
mined using ICP-OES (Inductively Coupled Plasma Optical Emis-
sion Spectrometry, USA).
2.6. Plant materials, growth conditions and treatments
Seeds of HE plants were collected from an old Pb/Zn mined area
in Quzhou city and the seeds of NHE plants were from tea gardens
of Hangzhou of Zhejiang Province, PR China. Seeds were incubated
on wet ﬁlter paper at 4 C for jarovization before germination. One-
month-old seedlings with equally growth were selected and cul-
tured in hydroponic solution. After 1 month, both HE and NHE
plants were treated with 2 lM CdCl2 or 50 lM ZnSO4 for 8 d, and
the untreated plants were used as control.
2.7. Quantitative real-time RT-PCR of SaMTP1 and SnMTP1
Common primers were designed according to the sequence
similarity between SaMTP1 and SnMTP1. Common actin primers
for both ecotypes were designed according to published actin se-
quence [26]. For absolute quantiﬁcation of MTP1 copy numbers, a
series of dilutions of plasmids (from 1  101 to 106 ng) were
made to generate the standard curves. The real-time PCR was per-
formed in a SmartCycler with SYBR green I and Ex Taq Real-time-
PCR version (Takara).
2.8. Statistical analysis
Data of quantitative Real-Time RT-PCR analysis and Zn content
were processed by statistical package SAS (version 9.0). Values re-
ported here were means of three replicates. Graphical work was
carried out using SigmaPlot software v. 10.
3. Results
3.1. Cloning and sequence analysis of SaMTP1 and SnMTP1 cDNAs
TheMTP1 encoding gene isolated from the HE plants was named
SaMTP1 (JF794551) and the homologous gene isolated from NHE
plants was named SnMTP1 (JF794552). The amino acid sequences
of SaMTP1 and SnMTP1 were highly conserved and the identity
was as high as 94%. The amino acid sequences of these two proteins
contained a CDF signature, a histidine-rich region, leucine-zipper
motifs, two cation efﬂux domains (Fig. 1). Compared to the amino
acid sequences ofMTP1proteins fromA. thaliana,A. halleri andT. cae-
rulescens, the SaMTP1 and SnMTP1 proteins possessed longer histi-
dine-rich region which contained 25 or 27 histidine residues.
3.2. SaMTP1 and SnMTP1 suppress Zn2+ sensitivity in Dzrc1 mutant
strain
The Dzrc1 mutant strain was used to test the Zn2+ and Cd2+
transport ability of SaMTP1 and SnMTP1. The wild-type CM100
expressing pDR195 grew well on the SD medium containing
5 mM Zn2+ and the growth of Dzrc1 yeast mutant containing
pDR195 was severely inhibited. Both SaMTP1 and SnMTP1 were
able to suppress the Zn2+ hypersensitivity and the growth of the
transformants exhibited the same level with the wild-type
(Fig. 2). The Dzrc1 mutant strain lacks a vacuolar Cd2+/Zn2+ trans-
porter and it is more sensitive to Zn2+ and Cd2+ than the corre-
sponding wild-type strain. As shown in Fig. 3, the SaMTP1 and
SnMTP1 did not suppress Cd2+ sensitivity in yeast mutant as the
Fig. 1. Alignment of predicted amino acid sequences encoded by SaMTP1 (from HE plants), SnMTP1 (from NHE plants) with AtMTP1, AhMTP1 and TcMTP1. The cation diffusion
facilitator (CDF) signature sequence is indicated by box. The two cation efﬂux domains are marked by dot line. The histidine rich region is overlined. Asterisks show the
leucine-zipper motifs. Amino acid residues with dark shading indicate conserved sequences, and the residues with light gray shading indicate those conserved in more than
three protein sequences.
Fig. 2. Complementation assay of Zn2+ hypersensitivity in the Dzrc1 yeast mutant
by SaMTP1 or SnMTP1. The CM100 WT yeast transformants containing pDR195 and
Dzrc1 yeast strain transformants containing pDR195, pDR195/SaMTP1 or pDR195/
SnMTP1 were grown on solid SD selective medium (without uracil) without or
supplemented with 5 mM ZnSO4. Plates were incubated at 30 C for 3 d.
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similar with transformants expressing an empty vector under
10 lM Cd2+. Furthermore, the growth of the transformants was se-
verely inhibited at 30 lM Cd2+.
3.3. MTP1-eGFP localization in yeast and plant
The localization of SaMTP1 and SnMTP1 proteins in Dzrc1 yeast
mutant was observed by laser confocal microscope (Fig. 4). When
the yeast transformants were stained by the FM4-64, the vacuolar
membrane was indicated by a ring of red ﬂuorescence. The green
ﬂuorescence of SaMTP1-eGFP and SnMTP1-eGFP was observed in-
side the red ring. The result indicated that SaMTP1 and SnMTP1
localized to the tonoplast of yeast. The Zn2+ concentrations in yeast
transformants were also measured. As shown in Fig. 5, expression
of SaMTP1 or SnMTP1 signiﬁcantly increased the Zn2+ content inyeast cells. The Zn2+ concentration in the yeast transformant either
expressing SaMTP1 or SnMTP1 was more than 1-fold higher than
that of the yeast cells containing the empty vector.
Furthermore, the subcellular localization of SaMTP1 or SnMTP1
was also analyzed. Transient expression of SaMTP1-eGFP or
SnMTP1-eGFP fusion protein showed that both SaMTP1 and
SnMTP1 were localized to the tonoplast (Fig. 6c–h). The transient
expression of SaMTP1-eGFP in Sedummesophyll protoplast also re-
vealed that the SaMTP1 was localized to the vacuolar membrane of
mesophyll cell (Fig. S1).
3.4. MTP1 expression analysis in HE and NHE plants subjected to Zn2+
or Cd2+
The signiﬁcant difference was observed inMTP1 transcript level
between the HE and NHE plants (Fig. 7). In shoot, the SaMTP1
mRNA level was over 80-times more abundant than SnMTP1 tran-
script level. The roots of HE plants possessed about 6-times higher
SaMTP1mRNA level than the roots of NHE plants. Furthermore, the
expression level of SaMTP1 in shoot was nearly 10-fold higher than
that in root. However, in NHE plants, SnMTP1 mRNA was more
abundant in the roots than that in the shoots.
The other signiﬁcant differences were found in the expression
pattern between SaMTP1 and SnMTP1 under Zn2+ or Cd2+ treat-
ment. When treated with 50 lM Zn2+, the transcript level of SaM-
TP1 in shoot of HE plants was up-regulated 1-fold than the control
plants and expression level was slightly up-regulated in root.
When subjected to 2 lM Cd2+, the transcript level of SaMTP1 in
shoot and root was 26% and 18% down-regulated. For NHE plants,
the root accumulated more than 1-fold higher transcript level and
the mRNA level in shoot was slightly down-regulated when ex-
posed to Zn2+. When the NHE plants were treated with Cd2+, the
transcript level of SnMTP1 in root was slightly up-regulated and
it was 74% reduced in shoot.
Fig. 4. Confocal microscopy observation of yeast cells expressing SaMTP1-eGFP or SnMTP1-eGFP. The bright ﬁeld images of Dzrc1 transformants (a and e), eGFP ﬂuorescence
images (b and f), red ﬂuorescence of FM4-64 (c and g) and the artiﬁcially merged images (d and h) were shown. GFP ﬂuorescence was excitated at 488 nm and the FM4-64
ﬂuorescence was excitated at 543 nm.
Fig. 3. Cd2+ tolerance analysis of the Dzrc1 yeast transformants expressing SaMTP1 or SnMTP1. Dzrc1 yeast strain transformants containing pDR195, pDR195/SaMTP1 or
pDR195/SnMTP1 were grown on solid SD selective medium (without uracil) in presence of 0 or 10, 30 lM CdCl2. After 3 d of incubation at 30 C, plates were photographed.
Fig. 5. Zinc contents analysis in the Dzrc1 transformants expressing SaMTP1 or
SnMTP1. Dzrc1 yeast strain transformants containing pDR195, pDR195/SaMTP1 or
pDR195/SnMTP1 were grown in liquid SD selective medium without or with
100 lM ZnSO4. Results are mean values (±S.E.) from three independent experiments
done with three different colonies.
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The yeast complementation assay revealed that both SaMTP1
and SnMTP1 suppressed Zn2+ hypersensitivity in Dzrc1 mutant
strain to the same level. It indicated that the Zn transport ability
of SaMTP1 and SnMTP1 was the same. Similarly, the expression
of AtMTP1, AhMTP1 and NgMTP1 also enhance Zn tolerance in yeast
mutant [16,18,20]. Like most of MTP1 transporters, SaMTP1 and
SnMTP1 did not transport Cd2+ as expression of two proteins did
not suppress Cd2+ hypersensitivity in Dzrc1 mutant strain. How-
ever, the TgMTP1t from Ni hyperaccumulator Thlaspi goesingense
confers highest level of tolerance to Cd2+, Co+ and Zn2+ [27]. That
may be because of the different amino acid sequences in the re-
gions for substrate speciﬁcities [14]. SaMTP1 and SnMTP1 were
found to be localized to the tonoplast which indicated of SaMTP1
and SnMTP1 function in Zn2+ detoxiﬁcation by sequestrating Zn2+
into vacuoles. The localization of SaMTP1 was the same with the
localization of AtMTP1, AhMTP1 and TgMTP1 [12,16,17].
The signiﬁcant difference was found in the gene expression le-
vel and expression pattern between two ecotypes of plants. The
SaMTP1 mRNA in shoot of HE plants was over 80-fold of that in
Fig. 6. Subcellular localization of SaMTP1 or SnMTP1 in onion epidermal cells. (a) GFP alone was transiently expressed in onion epidermal cells. (b) Overlay with transmission
image shown in (a). (c) SaMTP1 fused to GFP was transiently expressed in onion epidermal cells. (d) Overlay with the transmission image shown in (c). (e) Higher
magniﬁcation view of (c). (f) SnMTP1 fused to GFP was transiently expressed in onion epidermal cells. (g) Overlay with the transmission image shown in (f). (h) Higher
magniﬁcation view of (f).
Fig. 7. MTP1 expression analysis in response to Zn2+ or Cd2+ in HE and NHE plants.
Roots and shoots were collected from HE plants (a) and NHE plants (b) after
exposed to 50 lM Zn2+ or 2 lM Cd2+ for 8 d. Data shown are transcript levels of
SaMTP1 and SnMTP1 relative to actin. Each data point in the graph is the average of
three PCR repetitions for each of six biological replicates. Results are means ± S.E.
(n = 3).
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hyperaccumulation in T. goesingense, T. caerulescens and A. halleri
[27–29]. The signal intensities for ZAT/AtMTP1 were between 14-
and 23-fold higher in Zn/Cd hyperaccumulator A. halleri compared
with A. thaliana [29]. The expression level of a gene is regulated by
a number of factors. Recently, gene duplication has been suggested
to play part of the role in the high expression of a gene. The ﬁve
MTP1 duplications and three HMA4 copies in A. halleri could be
the major basis of Zn2+ hyperaccumulation [20,30]. Further studies
will be conducted to reveal the factors of high expression regula-
tion of SaMTP1. Compared with the NHE plants, the HE plants pos-
sessed 10-fold higher SaMTP1 mRNA level in shoot than that in
root. The results indicated that low rates of Zn sequestration in
the vacuoles of root cells may enable the HE plants to transport
Zn from the roots into shoots.
In HE plants, the transcript level in shoot was up-regulated by
Zn2+ treatment which suggested that MTP1 sequestrated Zn2+ into
vacuoles in shoot. And the expression level in root was slightly af-
fected by Zn2+ which indicated most of Zn2+ was translocated from
root to shoot. Cd2+ reduced the transcript level of SaMTP1 both in
shoot and root which revealed that the HE plants preferentially
take up and translocate more amount of Cd2+ than Zn2+. However,
transcript level of SnMTP1 in root was up-regulated by Zn2+ treat-
ment but was slightly down-regulated in shoot. It could be because
of the NHE plants store more Zn2+ in root vacuoles thus inhibits
root-to-shoot translocation [25]. Similar with the HE plants, Cd2+
could inhibit the uptake and translocation of Zn2+ in NHE plants
thus the expression level of SnMTP1 in shoot was reduced.
In conclusion, SaMTP1 and SnMTP1 are Zn2+ transporters which
could sequestrate Zn2+ into vacuoles in plants. The higher tran-
script level of SaMTP1 in HE plants could be required for accumu-
lating high amount of Zn2+ in shoots.
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